In vitro stored red blood cells (RBC) and RBC artificially induced to vesiculate by incubation with dilauroylphosphatidyl-choline were monitored for age-and vesiculation-dependent changes in cell density, membrane lipid asymmetry, and their ability to be recognized and cleared by reticuloendothelial cells. RBC demonstrated a progressive increase in density on self-forming Percoll gradients upon vesiculation and in vitro "aging." Uptake of vesiculated RBC by in vitro cultivated macrophages was increased threefold over nonvesiculated control RBC. The clearance rate of dense vesiculated RBC was biphasic and contained a rapid component and a slower second component consistent with the clear-HE MECHANISM(S) responsible for the recognition of aged red blood cells (RBC) by the reticuloendothelial system (RES) that results in their elimination from the circulation are not completely understood. Various moieties have been shown to play a role in the determination of the aged phenotype. These include several normal RBC components that have undergone specific modifications such as loss of carbohydrates that result in decreased surface charge'.' and the appearance of asialoglycophorin,' irreversible oxidative damage causing recognition of glycophorin A: proteolytic formation of "senescent cell antigen" from band 3,"'' and loss of plasma membrane phospholipid asymmetry resulting in the progressive appearance of phosphatidylserine (PS) at the cells outer leaflet." Because these processes are not mutually exclusive, the mechanisms underlying phagocytic recognition could be complex involving multiple receptorligand interactions. These could include the Fc receptor for antibody-mediated recognition.'.' VCAM-I/vitronectin receptor for VLA-4 expressing apoptotic cells""" and differentiating erythroblasts," scavenger receptors," oxidized LDL receptors.""" and the putative PS receptor.' i.'"""
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Because there seems to be a direct relationship between RBC density and age,'"." most studies o n erythrocyte aging have been bdsed on comparisons between density-separated RBC populations. Using self-forming Percoll gradients, we have recently shown a direct relationship between the amounts of PS exposed on the surface of RBC, their ahility to transport lipids between membrane leaflets, and their propensity to be bound by macrophages in vitro and cleared by the RES in vivo.' Denselold RBC also exhibit significant reductions in volume/surface area that can be explained by decreased electrolyte content associated with osmotic water loss and loss of membrane and cytoplasm by microvesiculation.' '.'i~z4 Because spontaneous formation of vesicles occurs in vivo'5 and in i n vitro stored RBC,'"'' we hypothesized that vesiculation could. at feast i n part, be responsible for the age-dependent alterations in membrane lipid asymmetry associated with macrophage recognition. To test this hypothesis, RBC were artificially vcsiculated") with dilauroylphosphatidylcholine (DLPC) and assessed for alterations in density, membrane lipid asymmetry, and their propensity to be recognized by macrophages in vitro and the RES in vivo.
MATERIALS AND METHODS

Muterirr1
.r t r l d routine prowdure.\. Pyridyldithioethylamine (PDA) was synthesized as previously described.'" Factor V was isolated from bovine plasma and activated as previously described.'' Prothrombin and factor X were from Sigma (St Louis, MO) and the throlnbin-sensitivc chronwgen. S223X. was purchased from Kabi Laboratories (Franklin. OH), Percoll was obtained from Pharmacia (Uppsala. Sweden). KBC were collectcd into heparinized tubes by venipuncture frorn healthy volunteer5 or from the tail vein of mice. l h e blood was diluted with HEPES-saline buffer (144 Inrnol/L NaCI, I O mmol/L HEPES. I O mmol/L glucose, pH 7.3) and washed twice. Percoll was prepared by mixing 213.5 g of Percoll with 25 niL of 1Ox concentrated phosphate-buffered saline (PBS) and water to 250 nlL. The pH was adjusted to 7.4 and the osmolarity to 310 to 320 nlOsmdkg. Radiation was monitored by scintillation counting using a Packard AutoGamma spectrometer (Packard, Downers Grove, IL 35 mmol/L NaCI, 3 mmol/L CaCl,, IO mmol/L HEPES, pH 7.4) at 37°C for 3 minutes. A total of 0.05 mL of factor Va (60 nmol/L) and 0.1 mL of factor Xa (0.25 U) was then added. The suspension was incubated at 37°C for another 3 to 4 minutes after which 0.1 mL of prothrombin (0.1 U) was added. After 5 minutes, a 0.1-mL aliquot of the suspension was transferred to a cuvette containing I mL of TrisEDTA buffer ( I 75 mmol/L NaCI, 50 mmol/L Tris, 2 mmol/L EDTA, pH 7.9) to stop the production of thrombin. The thrombin-dependent chromogen, S2238, was added to the cuvettes (to 0.2 mmol/L), and the rate of chromophore formation was monitored at 405 nm with a Gilford Response Spectrophotometer using appropriate kinetic software. The initial rate of thrombin-dependent chromophore production, which is proportional to the amount of PS present on the cell was determined from the slope of the absorbance curve. To quantify the amount of endogenous PS exposed on the surface of these cells, a standard curve of the rates of thrombin productionlchromophore formation was generated using PDA-treated RBC that contained known amounts of I-oleoyl-2-[N-(7-nitro-2,1,3-benzoxadiazol-4-yI)amino]caproyl] (NBD)-labeled PS exposed at the cells's outer
Thrombin-dependent chromophore production was directly proportional to the amount of PS present in the cell's outer leaflet and linear within the range of interest.
In vitro binding of 'ZsI-labeled RBC. Macrophages were obtained from the peritoneal cavity of 8-to IO-week-old BalblC mice 4 days after an intraperitoneal injection of 3 mL of thioglycolate medium. The cells were collected and washed in serum-free RPMI-1640 medium. Cells (3X IO'lwell) were plated in 24-well Falcon plastic culture plates (Becton Dickinson, Lincoln Park, NJ). The nonadherent cells were removed from the plates after several hours. RBC were labeled for I hour at 0°C with 0.25 mCi "'1 in the presence of one iodobead (Pierce Chemical CO, Rockford, IL). The iodinelabeled RBC were then vesiculated and added to the macrophage monolayers at a ratio of 10 RBChacrophage (-3 X 10" RBC) for the indicated intervals. The cultures were then washed with HEPESsaline and lysed with 0.1% Triton X-100. The lysate was collected and monitored for radiation.
In vivo clearance of "Cr-labeled RBC. Two milliliters of mouse RBC (50% hematocrit) were incubated with -0.5 mCi of "Cr for 45 minutes at 37°C and washed. The cells were vesiculated as described above and injected into the tail vein of syngeneic Balblc mice (0.2 mL; 25% hematocrit). Mice were bled at the indicated times and the fraction of "Cr-labeled RBC remaining in the circulation was determined by scintillation counting. Livers and spleens were collected at the end of the experiment to determine the presence of cleared RBC. The same experiment was carried out with cells pretreated with PDA and PDNdithiothreitol and with Percoll-separated in vitro-aged cells. The data points were fitted using Slidewrite Plus (Advanced Graphics Software, Carlsbad, CA) curve-fitting routines. Initial rates were estimated from linear fits of data points within the first hour after injection.
RESULTS
Clearance of in vitro stored RBC. To determine if in vitro-stored RBCs exhibit density-dependent differences in their ability to be cleared in vivo, mouse RBC were stored at 4°C for 1 week, "Cr-labeled, separated into light and heavy fractions on self-forming Percoll gradients (Fig l) , and injected into syngeneic mice. Light cells separated from freshly obtained blood were cleared with a Tln of -100 hours, whereas heavy cells from the same gradient were cleared with half times of about 40 hours (Fig 2) . Percoll gradient centrifugation of in vitro-stored cells showed a prominent hemoglobin-containing band of vesicles at the top of the gradient and RBC that localized at densities greater than fresh RBC (Fig IB) . In contrast to fresh cells, cells recovered from these fractions exhibited TIQ clearance rates less than IO hours in a manner that was independent of cell density (Fig 2) . The rates of PS-dependent thrombin production produced by the stored cells was also threefold faster than the rates obtained with fresh cells (not shown), suggesting that PS asymmetry is not rigourously maintained after prolonged in vitro storage.
Effect of DLPC-induced vesiculation on RBC density and PS asymmetry. The results presented above raise the possibility that a relationship between membrane vesiculation and the appearance of the dense/aged phenotype with perturbed membrane lipid distribution exists. To test this, freshly obtained RBC were induced to vesiculate with DLPC and separated on Percoll (Fig 3) . Similar to the pattern obtained after in vitro aging, an overall shift in the distribution of the cells to heavier densities occurred. The shift in density was also dependent on the formation of microvesicles which accumulated near the top of the gradient (Fig 3B) . Clearance of Percoll-separated fresh and stored RBC. Top and bottom fractions of RBC separated by density on self-forming Percoll gradients (Fig 1) were isolated, washed, and labeled with "Cr. The labeled cell suspension was adjusted t o a 2546 hematocrit and 0.2 mL was injected intravenously into syngeneic mice. At the indicated intervals minimal amounts of blood were collected from the tail vein and the fraction of "Cr-labeled RBC remaining in the peripheral circulation was determined by scintillation counting. The effects of vesiculation on endogenous PS distribution was determined by the PS-dependent prothrombinase assay. Figure 4 shows that remnant DLPC-treated cells exhibited significantly higher levels of PS at the cell's outer leaflet. PS content in the outer leaflet of the vesiculated RBC was higher when cells were treated with PDA, a known inhibitor of aminophospholipid transport. Upon the addition of dithiothreitol (DIT), the prothrombinase activity of the remnant cells returned to values similar to vesiculated, non-PDAtreated cells suggesting that a fraction of the PS exposed at the cell surface was transported back to the inner leaflet (Fig   4) .
In vitro recognition and clearance of vesiculated RBC.
To determine whether RBC vesiculation results in their uptake by macrophages, '251-labeled cells were incubated with macrophage monolayers. Figure 5 shows that the uptake of the vesiculated cells was about threefold higher than the uptake of nonvesiculated controls. Additional evidence suggesting that vesciculated RBC are recognized by cells of the RES was obtained by determining the clearance rates of vesiculated RBC in vivo. Figure 6 shows that control RBC were cleared with a Tln of about 80 hours, whereas the clearance kinetics of vesiculated cells suggested a two-component system. It can be seen that about half of the vesiculated cells were cleared within 12 hours (corresponding to a T l n of <2 hours) with about 80% of the cleared radiation recovered in the animals' liver and spleen (data not shown). The remaining population seemed to be cleared with the same kinetics observed for control, nonvesiculated RBC. Extrapolation of the calculated curves to the limit of percent remaining cells approaching zero (Fig 6 inset) The data presented above are consistent with the concept that vesiculation results in membrane scrambling that leads to the exposure of PS at the cell's outer leaflet. However, the results shown in Fig 6 are consistent with the existence of at least two distinct RBC populations. Assuming that vesiculation generates uniformly scrambled cells, then normal lipid transport mechanisms must be concurrently correcting vesiculation-dependent membrane disorganization. To examine whether lipid asymmetry was reestablished allowing the cells to escape recognition, the clearance of vesiculated and transport-inhibited RBC was determined. Figure 7 shows that vesiculated cells that were unable to transport PS (PDA-treated RBC) were cleared faster (TI/? -3 hours) than vesiculated cells not treated with the transport inhibitor (TI/? "14 hours). The addition of DTT, but not glutathion, abrogated the inhibitory effects of PDA (Fig 7; see Discussion).
DISCUSSION
It has previously been shown that dense RBC separated on field-formed isodensity gradients correspond to distinct cell populations of increasing age as determined by cell area and cell volume" and relatively short lifespans in vivo.' In this study we have shown that artificially induced vesiculation of R B C in vitro, a phenomenon that spontaneously occurs in vivo" and upon long-term storage of cells in vitro,'".2x results in an increase in cell density associated with disruption of the normally asymmetric distribution of PS. These sulted in cell clearance, vesiculated and PDA-treated cells were recognized and cleared more rapidly than the nonvesiculated PDA-treated controls. Consistent with the results obtained in the prothrombinase assay (Fig 4) , DTT the other hand, was without effect. Because glutathion cannot penetrate the membrane bilayer, this result indicates that, similar to sulfhydryls critical to PS tran~port,~' sites critical to oxidation-dependent recognition of RBC also reside on the luminal side of the membrane. These data are consistent with results showing that in vivo clearance43 and binding of diamide-treated RBC to macrophages4 is inhibitable with DTT and that oxidation of RBC with H,O, or malonyldialdehyde decreases PS-transport and induces partial scrambling of phospholipids across the bilayer membrane.38 In summary, the results presented here suggest that vesiculation of RBC scrambles membrane lipids which results in the exposure of PS at the cell surface. Although these data suggest that PS can participate either directly or indirectly in cell recognition, they do not rule out the participation of other specific mechanisms in this process. For personal use only. on September 24, 2017. by guest www.bloodjournal.org From
